Abstract. Since calcium solubility is a prerequisite to calcium absorption, and since solubility of calcium is highly pH-dependent, it has been generally assumed that gastric acid secretion and gastric acidity play an important role in the intestinal absorption of calcium from ingested food or calcium salts such as CaCO3. To evaluate this hypothesis, we developed a method wherein net gastrointestinal absorption ofcalcium can be measured after ingestion ofa single meal. A large dose ofcimetidine, which markedly reduced gastric acid secretion, had no effect on calcium absorption in normal subjects, and an achlorhydric patient with pernicious anemia absorbed calcium normally. This was true regardless of the major source of dietary calcium (i.e., milk, insoluble calcium carbonate, or soluble calcium citrate). Moreover, calcium absorption after CaCO3 ingestion was the same when intragastric contents were maintained at pH 7.4 (by in vivo titration) as when intragastric pH was 3.0. On the basis of these results, we conclude that gastric acid secretion and gastric acidity do not normally play a role in the absorption of dietary calcium. Other possible mechanisms by which the gastrointestinal tract might solubilize ingested calcium complexes and salts are discussed.
Introduction
Most dietary calcium is bound in complex formations with other food constituents, e.g., calcium caseinate in milk (1) . For this calcium to be absorbed, these complexes must be dissociated by digestive enzymes and the calcium released in a soluble and Receivedfor publication 28 February 1983 and in revisedform 17 October 1983. probably in an ionized form (1, 2) . Moreover, calcium salts (whether preexisting in food or formed from the interaction of different food constituents) are relatively insoluble in water and must therefore be dissolved before calcium absorption can occur (3) . Since both the dissociation of food-calcium complexes and the solution of calcium salts are highly dependent on an acid pH, it has generally been assumed that gastric acid secretion plays an important role in calcium absorption (1, 4) .
For calcium salts, which are relatively water-insoluble (such as the carbonate and the phosphate), gastric acid secretion is believed to play a critical role in calcium absorption. Clarkson et al. (5) postulated that ingested calcium carbonate reacts with hydrochloric acid to form soluble calcium chloride, part ofwhich is absorbed in the small intestine while the remainder is converted back to calcium carbonate in the lower intestine.
CaCO3 + 2 HCl -CaCl2 + H20 + C02 CaCl2 + 2 NaHCO3 -CaCO3 + 2 NaCl + C02 + H20 According to this hypothesis, the amount of calcium absorbed after ingestion of CaCO3 should be proportional to the acidity of the upper gastrointestinal contents (which is determined mainly by the rate of gastric secretion). In the absence of acid, CaCO3 should remain insoluble, and as such, calcium given in this form should be poorly absorbed. Accordingly, one authoritative source states flatly that "calcium carbonate will not be absorbed by patients with achlorhydria" (6) .
Although it is logical to presume that gastric acidity and acid secretion play a major role in the absorption of calcium from food and calcium salts, this concept has never been systematically examined. The importance of this issue is apparent when one considers the deleterious effects of calcium malabsorption, the fact that the most popular calcium supplements consist ofCaC03, the high prevalence ofhypo-and achlorhydria (especially in elderly women) (7) , and the frequency with which potent gastric antisecretory drugs are prescribed (often for long periods of time). To study the role of gastric acid on calcium absorption, we devised a method that permits measurement of net intestinal absorption of dietary calcium after ingestion of a single meal.
Methods

Overview
The method begins with a preparatory washout wherein the subject's entire gastrointestinal tract is cleansed by lavage. The subject then eats a meal, which includes polyethylene glycol (PEG)' as a nonabsorbable marker. After 12 h, the intestine is cleansed again by a final washout, and the rectal effluent is combined with any stool (usually none) that was excreted since the meal was eaten. The meal and rectal effluent are analyzed for calcium. The 
Test meals
The low calcium meal consisted of 170 g of sirloin steak, seasoned with salt and pepper, 25 g of white bread with 5 g margarine, 40 g of lettuce with 30 g French salad dressing, 250 ml of tea with 5 g of sugar, and 10 g of PEG. By our measurements, this meal contained 71±1 mg of calcium (n = 4, range 70-72 mg). The high calcium meal was the same except that 250 ml of skim milk was substituted for the tea and 57 g of Swiss cheese was melted on the steak. The high calcium meal contained 852±1 mg of calcium (n = 4, range 850-856 mg). A third meal that contained 290±3 mg of calcium (n = 5, range 284 to 298 7.4 to 6.0 or 3.0 was associated with a marked increase in calcium carbonate solubility, as assessed by this test. The calcium citrate supplement originated from effervescent tablets prepared by Miles Laboratories, Inc., Elkhart, IN. These tablets contain calcium carbonate and citric acid. When added to water, they effervesce, thus liberating calcium citrate. The latter is soluble in water, and the calcium is present in ionized form.
The calcium carbonate tablets were swallowed with 200 ml ofwater. The effervescent tablets were added to 200 ml ofwater, after effervescence ceased, the subjects drank the calcium citrate solution. Unless otherwise stated, the subjects took the calcium supplements I h after beginning to eat the meal.
Procedure
After an overnight fast, the subjects underwent the preparatory washout with Golytely (Braintree Scientific, Inc., Braintree, MA), a lavage solution that is not associated with either net intestinal absorption or secretion of water and electrolytes (9) . We administered Golytely orally (300 ml every 10 min) or by intragastric infusion (30 ml per min) through a mercury weighted, polyvinyl tube that the subject swallowed. After 4 h of Golytely lavage, the rectal effluent was totally clear and contained no unabsorbed dietary nutrients (previous studies from our laboratory).
The rectal effluent from the first washout was discarded. nitric acid to dissolve any insoluble calcium. The homogenate was then brought to 100 ml volume with deionized water in an acid-washed volumetric flask. Duplicate aliquots were analyzed for calcium by atomic spectroscopy (model 2380, Perkin-Elmer Corp., Norwalk, CT). Homogenized but undigested samples were analyzed for PEG by the method of Hyden (10) .
Validation studies PEG as a marker for recovery of unabsorbed calcium. PEG is water soluble, whereas part of the calcium remaining in the gut 12 h after the meal is presumably present as insoluble calcium salts. It was not known whether soluble and insoluble substances would be recovered in rectal effluent at similar rates. To evaluate this, we measured recovery of PEG and "CrCI3 when both were ingested with the test meal. "CrC13 is believed to become partly insoluble during intestinal transit (11) . Six subjects were studied with two levels of calcium intake: 290 mg of food calcium and 1,071 mg of calcium (71 mg of food calcium and 1,000 mg of calcium as CaCO3). The results are shown in Fig. 1 . It is evident from these results that PEG and "CrCl3 were recovered pari passu. Total recoveries of PEG and "CrCl3 were 97.8±2.5% and 97.9±1.3%, respectively, with the lower calcium intake, and 100.0±0.5% and 98.0±1.6%, respectively, with the higher calcium intake. Assuming that part of the "CrCl3 in the gut is insoluble, these results suggest that intestinal lavage removes unabsorbed soluble and insoluble substances at the same rate.
Extent of recovery of unabsorbed dietary calcium. Timed recovery of calcium in the rectal effluent is shown in Fig. 1 , and it is evident that a small amount of calcium continued to be washed out of the gut by lavage long after complete recovery ofthe ingested nonabsorbable markers. This continued excretion of calcium in the lavage effluent could represent delayed recovery of unabsorbed meal calcium, recovery of unabsorbed calcium from digestive secretions, or diffusion of calcium from blood into the gut lumen during lavage. To evaluate the source of this continued calcium excretion in the effluent, we performed additional experiments in six subjects.
On one day after the initial lavage, each subject ingested a meal containing 290 mg of calcium. 12 h later, the subjects underwent the final lavage, and all rectal effluent was collected and analyzed for calcium recovery over time. On another day, the subject underwent the same protocol but ingested only water and PEG (instead ofeating the calciumcontaining meal). The patterns of calcium recovery are shown in Fig.  2 (left). After 2 h of lavage, continued recovery of calcium was similar on the two test days, which suggests that the continued presence of calcium in the lavage effluent beyond 2 h is not due to delayed recovery of unabsorbed dietary calcium. Therefore, it must represent either recovery of unabsorbed calcium from digestive secretions or calcium that diffuses from blood to lumen during lavage, or both.
A similar experiment was performed using a high calcium diet, and the results are shown in Fig. 2 (right) . It required 3 h of lavage before calcium excretion in the lavage effluent was similar to that when these same subjects had fasted. These results suggest that 3 h of lavage are necessary to obtain complete recovery of unabsorbed dietary calcium after ingestion of a high calcium diet. When combined with the results shown in Fig. 1 , the data suggest that a small amount of unabsorbed dietary calcium may remain in the gut even after virtually all of the nonabsorbable markers in the meal have been recovered. However, 3 h of lavage is sufficient to obtain complete recovery of all unabsorbed dietary calcium, even after the high calcium diet.
It is important to point out that calcium in the lavage effluent after a fast probably does not directly reflect the amount ofunabsorbed calcium from endogenous digestive secretions. This is because the lavage procedure creates electrochemical gradients favoring passive diffusion of calcium from blood to gut lumen, and at least part of the calcium in the effluent after a fast probably is due to net calcium diffusion across intestinal mucosal cell membranes.
Timing ofsecond ravage. The 12-h interval between meal ingestion and the final lavage allowed ingested and endogenously secreted calcium to be exposed to absorbing mucosa for a standard period of time. Since transit of chyme through the small bowel is completed within 4-6 h (12), prolonging the interval between meal ingestion and final lavage would increase exposure of the calcium load to colonic but not to small bowel mucosa. To evaluate the extent to which prolonging the exposure time would increase calcium absorption, three normal subjects were studied on two test days with either a 12-or 24-h interval between meal ingestion (852 mg of dietary calcium intake) and final lavage. With the 12-h interval, the lavage effluent contained 739±43 mg of calcium, whereas with the 24-h interval, the effluent contained 696±35 mg of calcium. Since the amount of calcium in the final washout was only slightly less with the 24-h interval, these results are compatible with the concept (13) that most calcium absorption normally takes place from the small bowel rather than from the colon.
Sensitivity of the technique. Nine normal subjects were studied on four test days in random order. On the four days they either fasted in between the two lavage periods, or ingested the 71-mg calcium meal plus either 250, 500, or 1,000 mg of calcium as the carbonate. The results for each subject are shown in Table II were studied twice, once when they had been subjected to lavage, and once when they had not. On the lavage test day, the jejunal perfusion experiments were started 4 h after finishing the lavage, which corresponds to the time when the test meal would have been eaten if dietary calcium absorption had been measured.
As shown in Table III , intestinal lavage had no statistically significant effect on calcium fluxes. The mean value for net calcium absorption was somewhat lower after lavage, but this was mainly accounted for by a large difference in one of the 12 subjects, rather than by any consistent effect. If this one subject were excluded, mean net calcium absorption rates without and with lavage for the remaining 11 subjects were 0.22 and 0.20 mmol/h per 30 cm, respectively.
As also shown in Table III , phosphate, D-xylose, glucose, sodium, and bicarbonate absorption in the jejunum were not affected to a statistically significant extent by gastrointestinal lavage. Water, chloride, and potassium absorption were also unaffected (data not shown).
Results
Net calcium absorption from food and from two calcium salts. Six subjects were studied in random sequence, and the results are shown in Table IV . When calcium intake was zero, the lavage effluent contained 42 mg of calcium. The origin and significance of this calcium was discussed in Methods.
When the ingested meal contained 71 mg of calcium, the amount of calcium in the effluent was 1 10 mg. After correcting for calcium excretion not related to the meal (41 mg), net calcium absorption after ingesting the 71 mg calcium meal was negligible (3 mg). When calcium intake was 1,071 mg, as supplemented with either calcium carbonate or calcium citrate, net calcium absorption was 255 and 310 mg, respectively (not significantly different by paired t test). When calcium intake was increased to 852 mg by milk and cheese, 132 mg of calcium was absorbed.
Mean percent recoveries of PEG are shown in the final column of Table IV. Effect ofcimetidine on net calcium absorption. To assess the effect ofreduced gastric acid secretion on net calcium absorption, we studied these same six subjects with and without cimetidine (600 mg 30 min before the meal was eaten). As shown in Fig.  3 , cimetidine had no significant effect on calcium absorption, whether the subject ingested the high calcium meal (852 mg) alone, the low calcium meal plus calcium carbonate (1, 071 mg) , or the low calcium meal plus calcium citrate (1,071 mg). Table V than in Table IV . There are two possible explanations. First, some of the subjects that took part in the first experiment did not take part in the second, and vice versa. As shown in Table II , absorption in different normal subjects can vary widely. Second, the meal shown in Table IV contained lettuce and salad dressing, and one ofthese foods may reduce calcium absorption. Finally, the food was homogenized in the experiment shown in Table V Previous work has revealed that the natural pH of the jejunal contents is -6. 1 (19) , and that this is probably due to secretion of hydrogen ions (20) . As illustrated by the in vitro experiment shown in Table I , at pH 6 a considerable amount of calcium carbonate will go into solution. Therefore, it is possible that acid secretion by jejunal mucosa, which is not inhibited by cimetidine (21) , might serve to solubilize calcium salts and make the calcium available for absorption by intestinal mucosal cells. A second possible explanation is the putative microclimate of intestinal mucosal cells. Isolated human intestinal cells have an electrophoretic mobility consistent with a fixed negative surface charge (22) , and it has been suggested that these charges bind hydrogen ions and create a microclimate of high acidity adjacent to the brush border membrane (23) . This localized area of high acidity, estimated to be pH 5.3, could also serve to solubilize calcium carbonate. A third possible explanation for the seeming unimportance of gastric acid is that calcium carbonate, while insoluble in water, may become soluble in biliary or pancreatic fluids. Bile acids can increase the in vitro solubility of CaHPO4 and enhance the absorption of calcium in chicks independent of the action of vitamin D (24, 25) . However, in unpublished results in our laboratory, we have been unable to show that solutions containing pancreatic enzymes and bile acids enhance the solubility of calcium carbonate.
Although the opinion that gastric acidity plays an important role in absorption of dietary calcium is widely held, this has been based more on reasonable logic than on experimental evidence. To the best of our knowledge, the only previous experiment bearing directly on this question was the study of Ivanovich et al. (4) . These workers measured calcium absorption using an isotopic method, and found absorption of 45CaCO3 to be decreased in four patients with hypo-or achlorhydria when compared to controls. We are unable to explain the discrepancy between this report and our own results. However, we do not believe that these results by Ivanovich et al., using the indirect measurement of calcium absorption, cast serious doubt on our finding that gastric acid secretion and gastric acidity do not normally play an important role in the net absorption ofdietary calcium.
